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FOREWORD 

Volumes I and 11, ER 7777, Data Compilation and Evaluation of Space Shielding 

Problems, comprise a technical summary report o f  the study performed for Contract 

N A S  8-1 1 164 under the direction of  the George C. Marshall Space Flight Center, 

NASA, Huntsqil le, Alabama. Special acknowledgement i s  due the technical con- 

tract monim:. Mart in 0. Burrell of the Research Projects Division, who zuggested 

the charged particle range approximation and the radiation transport method. Mr. 

Burrell also furnished solar flare and other data. J. C. Whiten, Vehicle Propul- 

sion and Engineering, forwarded data on vehicle configurations and mission trajec- 

tories. Frank T. Bly, Lockheed-Georgia Company, made several important contri- 

butions to the design o f  the Geometry program and the approximation of range data. 

C. C. Douglass, Lockheed-Georgia Company, performed the in i t ia l  programming 

o f  the Geometry program and the Geometry Test program. Mr .  Douglass also devel- 

oped DIP, the Data Input Program, which condenses and simplifies data preparation 

for several of the computer codes described herein. 

. 
I 

, 



FOREWORD 

TABLE OF CONTENTS 

TABLE OF C O N T E N T S  

Page 

LIST OF TABLES AND FIGURES 

1 .o INTRODUCTION 

2.0 PROGRAM DESCRIPTION 
2.1 SHELL CORRECTION 
2.2 DENSITY EFFECT 

3.0 DISCUSSION OF DATA 
3.1 MEAN EXCITATION POTENTIAL 
3.2 SHELL CORRECTION 

4.0 LOCKHEED RANGE & STOPPING POWER CALCULATOR - 
DATA PREPARATION 
GLOSSARY OF INPUT DATA TERMS 4.1 

4.2 INPUT DATA PREPARATION 
4.3 OUTPUT FORMAT 

5.0 RANGE FUNCTION 

APPENDIX A 

APPENDIX B 

REFERENCES 

... 
111  

i 
... 
1 1 1  

V 

1 

3 
5 

10 

15 
15 
15 

31 
31 
33 
36 

37 

45 

117 

127 



LIST OF TABLES A N D  F I G U R E S  

Page 

Tables 

3- 1 LISTING OF CL CORRECTION TERMS 19 

3- 2 COMPARISON OF CALCULATED PROTON STOPPING 
POWER WITH EXPERIMENTAL DATA 20 

COMPARiSON OF EXPERIMENTAL AND CALCULATED 
PROTON MASS STOPPING POWER RELATIVE TO 
ALUM1 NUM 25 

COMPARISON OF CALCULATED PROTON RANGE WITH 
EXPERIMENTAL DATA 26 

COMPARISON OF CALCULATED ALPHA PARTICLE 
STOPPING POWER WITH EXPERIMENTAL DATA 28 

3-3 

3-4 

3-5 

3-6 COMPARISON OF CALCULATED ALPHA PARTICLE 
RANGE WITH EXPERIMENTAL DATA 30 

Appendix Tables 

A0 DATA FOR STOPPI NG MATERIALS 47 

A1 COMPUTED PROTON RANGE DATA, IN UNITS OF 
50 

A2 

GMS/CM**2, AS A FUNCTION OF ENERGY IN MEV 

(MEV-CM**2)/GM 64 

GMS/CM**2, AS A FUNCTION OF ENERGY IN MEV 

COMPUTED PROTON ENERGY LOSSES IN UNITS OF 

A3 COMPUTED ALPHA RANGE DATA, IN UNITS OF 
79 

A4 COMPUTED ALPHA ENERGY LOSSES IN UNITS OF 
(MEV- CM**2)/GM 93 

A5 PROTON RANGE PARAMETERS 106 

A6 ALPHA RANGE PARAMETERS 111 

Figures 

5- 1 PROTON RANGE ERROR CURVE AR = In (1 + 2bEr) - R  39 

5-2 ALPHA RANGE ERROR CURVE AR = In (1 + 2bEr) - R 40 

+2bE-S 41 5-3 

a 

a 

- r  

ar PROTON STOPPING POWER ERROR CURVE AS = 

V 



LIST OF TABLES A N D  F IGURES 
(Con t i n ue d) 

Page 

Figures 

5- 4 ALPHA STOPPING POWER ERROR CURVE AS = - S  42 

5- 5 MAXIMUM ERROR IN PROTON RANGE FUNCTION VERSUS r 43 

E’ + 2bE 
ar 

5-6 MAXIMUM ERROR IN ALPHA RANGE FUNCTION VERSUS r 44 



1 .O I N T R O D U C T I O N  

This report presents tabulations o f  proton and alpha particle range and stopping pow- 

er data for 55 materials. The present effort differs from other compilations 

16' 20' 22' 24' 28' 33' 35 in that a detailed calculation i s  performed for both density 

1,3,7,8, 

effect corrections and I<, L, and higher shell corrections. Recent experimental 

values o f  electron binding energies 

number, 8 through 23, are incorporated in the calculations. Because experimental 

data adequate to define empirical parameters exist for relatively few materials, an 

attempt has been made to find smooth variations o f  these parameters over atomic 

number and energy. The tabulated data generally agree with available experimen- 

tal data within experimental accuracy. 

13 
for the L subshell of elements wi th low atomic i 

The data tabulations are generated w i t h  the Lockheed Range and Stopping Power 

CaIculatorl6 (LRSPC). The LRSPC code includes a library tape wi th  sufficient data 

to treat elements wi th  atomic number one through one hundred inclusive. The code 

w i l l  treat elements and mixtures or compounds of two to ten elements. Stopping 

power i s  calculated from the Bethe-Bloch equation. The Bragg addit ivi ty assump- 

tion i s  used in the case o f  cornpounds and mixtures. Ranges are calculated by inte- 

grating the reciprocal o f  the stopping power from two MeV to the energy of interest, 

and adding the two MeV range. 

The mean excitation potential, I ,  (sometimes called the effective excitation poten- 

t ia l  or mean ionization potential) i s  tabulated for elements below carbon and select- 

ed from a smooth function above carbon. The K-shell corrections are due to Brown 

and Walske 

shell corrections modified to improve agreement wi th experimental data. The 

form of the higher shell corrections i s  based on L-shell corrections according to an 

approach suggested by Bichsel . The density effect corrections are computed accord- 

10 

31 . The L-shell and higher shell corrections are based on Walske's L- 
32 

8 

ing to Sternheimer's 28f 29' 30 method. 

1 



An approximation function to charged particle range data has been suggested by 

Burrell 

methods described i n  Volume I I  o f  this report. 

the Chebyshev sense are tabulated. 

12 . This function i s  used in  proton and alpha particle transport computational 

"Best f i t "  values o f  the parameters in 

2 



2 . 0  PROGRAM D E S C R I P T I O N  

The Lockheed Range and Stopping Power Calculator (LRSPC) i s  a computer code de- 

signed to estimate the energy loss, due to ionization and excitation, o f  charged parti- 

cles passing through matter. This energy loss (i .e., stopping power) i s  calculated 

as a function of kinetic energy for charged particles penetrating materials composed 

of ten or fewer eiements. Appropriate correction foctors ciie i f i t d i i c e d  in  the stop- 

ping power calculation to account for the density effect and the shell effect. Pro- 

tons wi th  kinetic energies ranging from 0.4 MeV to 100 G e V  and alphas from 2 MeV 

to 1OC GeV are considered in  the calculations. 

The range o f  charged particles in matter i s  given by: 

R(E) = R(2 MeV)  + f E  .-&- 
E(2 MeV) 

where R(E) i s  the range of o porticle w i th  kinetic energy (E): 

R(2 MeV) i s  the experimentally determined range of particles wi th kinetic 

energy of  2 MeV; 

SP(E) i s  the calculated stopping power of particles wi th kinetic energy (E). 

The stopping power, SP(E), i s  calculated from the Bethe-Bloch formula. 

2 Ne4 zk pk (BRAK) (2-2) 
SP(E) = - (.) (e)= mc2 B A k P t  

where -(dE/dx) i s  the charged particle energy loss rate due to ionization and 

excitation in the material: 

3 



p i s  the density o f  the stopping material i n  units of 

N i s  Avogadro's number i n  units o f  atoms/mole; 

e i s  the electronic charge i n  units of (MeV-cm) 

mc 

t 

v 2 ,  , 
2 

i s  the electron rest mass i n  units o f  MeV; 

f l  i s  the ratio of the velocity of the incident particle to the velocity o f  light; 

Zk i s  the atomic number of the k 

p i s  the partial density o f  the k 
3 

of  gm/cm ; 

Ak i s  the atomic weight o f  the k 

BRAK i s  a term o f  convenience defined below: 

th 

th 
element o f  the stopping material; 

element o f  the stopping material i n  units 
k 

th 
element of the stopping material; and 

[ .  W ] - 28 2 - U - 6  (2-3) 
m ax 

BRAK = I n  
I ( 1  - B )  

where I i s  the mean excitation potential of the stopping material i n  units o f  MeV; 

U i s  the shell effect correction term; 

6 i s  the density effect correction term; and 

W i s  maximum energy transfer from the incident particle to an atomic 
max 

electron. 

W i s  defined by: 
max 

2 2 4  
E, - P  c 

where E i s  the total energy o f  the incident particle; 
t 

p i s  the rest massof the incident particle; 

c i s  the speed o f  light; and 

m i s  the rest mass o f  the electron. 

(2-4) 
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The mean excitation potential, I ,  i s  given by: 

th ~ 

where I i s  the mean excitation potential of the k element i n  the stopping 

material. 
k 

2. I SHELL CORRECTION 

The shell effect correction term (U) i s  introduced to prevent an overestimation o f  the 

stopping power of a material when the velocity o f  the incident charged particle i s  not 

much greater than the velocity o f  the inner electrons of the elements present. For 

one element, the shell effect correction term is: 

Uk = 2CK/Z + 2CL/Z + 2 C d Z  

where CK i s  the correction term for the ineffectiveness of the K-shell electrons; 

Z i s  the atomic number of the stopping material, 

CL i s  the correction term for the L-shell electrons, and 

CH i s  the correction term for higher shells. 

The total shell correction term for a mixture or compound is: 

5 



The stopping number (B.) for any atomic shell when q. i s  large is: 
I I 

(2-71 

where i indicates the atomic electron shell (K, L, . . . etc.); 

th 8. i s  the ratio of the observed binding energy of the i 

she1 I to the "ideal " ionization potential, which ignores screening by the 

outer electron shells; 

t). 

ideal ionization potential; 

atomic electron 
I 

i s  proportional to the energy of the incident particle divided by the 
I 

i s  an 77 dependent term and T. i s  an 7) . independent term when the 
'i i 1 I th 
electrons of the i 

Ci i s  the correction term for the i 

shell are considered motionless; and 
th shell electrons in  motion. 

The stopping number, B, for a material i s  determined by the sum of the stopping num- 

bers of  each she l l  from al l  elements present. 

i = l  i = l  

th 
where B.. i s  the stopping number for the ith shell of the i atom; 

1 1  
th 

N. i s  the number of  electron shells i n  the i 
M i s  the number o f  elements i n  the material. 

atom; and 
I 

To determine the stopping number (B ) of the K-shell electrons, the expressions for 

8 and 7)  are: 
K 

6 



IK e K  = ($) ( Z - 0 . 3 ) 2  

1 37.0372 

(2-9) 

where I K 
is the non-relativistic ideal ionization potential of the K-shell which 

ignores screening by all but the K electrons, and 

is the observed binding energy of the K-shell, and the denominator 

(2- 1 0) 

To determine the stopping number correction for the L-shell electrons, the expression 

fo r  eL, which is the weighted average of  the energy states of the L level, is 

(2-1 1) 

where eLlt eL2/ and 8 correspond to the three relativistic energy states in the 
L3 

L electron shell, 

2 
'L1 Z - 4.15 

eL1  = (y2) ( Z  - 4.15)2 - & (137.0372 ) 
1 37.0372 

2 
lL2 Z - 4.15 

eL2 = ( ~ ~ ) ( Z - 4 . 1 5 ) ~  - % (137.0372) 

137.0372 

e., - - lL3 1 / Z - 4 . 1 5 j 2  - -  
16 \137.0372 I LJ 

/mc2\ / z - 4.15 I2 
\2/ / 137.0372 ) 

7 

(2- 1 2) 



and I are the observed binding energies of  the L-shell electrons; IL l t  IL2f L3 
HOFLl i s  the Hb'nl18 oscillator strength for the 2s electron states of the L-shell, 

and HOFL2 i s  the Hb'nl oscillator strength for the 2p electron states of the 

L-she1 I . 

The value of i s :  L 

2 
ip 

(2- 13) 

Values of 9 are calculated using Equation 2-10, and values of 8 are calculated 

using Equation 2-9. "Exact" values of  the stopping number, B K (6 K/ 2) K ) I  are 

determined from data presentations of Brown" and Walske for Q K  less than 

ten. These values are subtracted from approximate values of B (the first two K 
terms of each of Equations 2-14) in  order to obtain C (6 ). Three 

point interpolation i s  used to obtain the proper value of C 

of 3 
Walske are used; 

K 

31 

K K I ~ K  
For values K '  

greater than ten, the asymptotic formulas for B K (0 K I  9,) given by 

BK(0.7, qK)  = 1.8133 

BK(0.75, 3) K)= 1.7223 

+ 2.4603 - 2.0662 )I: - 7.3246 qK  -2 + 4 5 q K  -3 
" Q K  

+ 2.4044- 2.09997) -1  - 7 . 3 1 9 4 ~ ) ~  -2 + 45VK -3 
" 7 K  

BK(0.85, qK)= 1.58071n 7) + 2.2868 - 2.1290q: - 7 . 3 2 1 8 ~ ) ~  -2 + 45qK -3 
K 

(2-14) 

8 



BK(0.9, qK) = 1.52501n q K  + 2.2273-2.13091; -7.3263qK -2 + 45qK -3 

(2- 14) 
-3 
K where C,(e K, 1) K) to order 3 i s  the negative o f  the last three terms o f  the 

asypto t ic  formulas. 

L' 

L 

Values of q as o function of  the kinetic energy o f  the incident particle, and 8 

ns Q fmr t ion of the stopping mnterlnl, QE ca!cu!cted, and Q tab!e of vdues of C 
versus t) 

the correction to stopping number for the ineffectiveness o f  L-shell electrons. 

L' 

for 8 L L 
= 0.15, 0.25, 0.35, 0.45, 0.55, and 0.65 are used to determine 

The correction to stopping number for the higher electron shells (M, N, 0, P, Q) 

are scaled from the C correction term o f  the L-shell electrons in accordance with 

the approach used by Bichsel . A parameter (A l )  i s  introduced to handle the energy 
L 8  

scaling and parameters (I.) are introduced to handle the magnitude o f  the sub-shell 

correction scaling where the subscript (i) refers to the various sub-shells (s, p, d, f, 

etc.) of the electron shells. The correction term for the desired shell i s  determined 

at a particular velocity (B) by using a table o f  L-shell corrections at a velocity 3 , 
which is, 

I 

2 
B * ' L  

(2- 15) 2 c =  A1 I. 
I 

where @ i s  the velocity of incident particle, 

I 

I .  i s  the ionization potential of the desired sub-shell. 

i s  the average ionization potential of the L-shell, and 
L 

I 

Thus, for the full M-shell, the correction at any particular velocity is: 

9 

(2- 16) 



where 

2 1-B and rl  = 2 
‘Ml = 8 cL( t  1 )  ( - y 2 )  lM1 

0.0 

The correction term for the other higher shells are similar to the M-shell term when 

the proper number of electrons per sub-shel I and their corresponding ionization poten- 

tials are used. 

2 . 2  DENSITY EFFECT , 

The density effect i s  the reduction i n  the ionization loss of a charged particle due to 

polarization of the stopping media. The density effect correction term to be  applied 

to the Bethe-Bloch formula i s  directly dependent on the value o f  the mean excitation 

potential of the stopping media and i s  calculated by a method similar to that o f  Stern- 

heimer. 

ed . 
. If differs chiefly i n  the large number of electron shells consider- 

28,29,30 

17, 13 

2 T N e 4  
A [ % ) =  mv 2 

(2- 18) 

where dE/dx i s  the energy loss rate, 

N i s  the number o f  electrons per cubic centimeter i n  the stopping material, 

10 



e i s  the electron charge, 

m i s  the electron mass 

v i s  the velocity o f  the incident particle (v = fl  c), and 

6 i s  the density effect correction term. 

The density effect correction term 6 is  given by: 

where I i s  the solution of 

and lik i s  given by 

(2- 20) 

(2-21) 

th 
Here, fik i s  the oscillator strength o f  the ith transition in the k element. I t s  value 

i s  given by the ratio of the number o f  electrons in the ith subshell to the atomic num- 

ber. The term V. i s  the effective oscillator frequency o f  the ith shell electrons of the 

kth element in units of the plasma frequency v . 
ik 

P 

?k = (+GI.) (2-22) 

th 
The uik i s  ith transition frequency for the k element. The plasma frequency of the 

mixture i s  given by : 



2. 1/2 h v  = h(Ne/p-m) 
P 

(2-23) 

The symbol G 

into the continum. !t i s  evaluated by normalizing the calculated ionization potential 

to the experimental effective excitation potential, I for the k element. For non- k‘ 
conductors, the value of G 

represents a correction term due to the fact that transitions are made k 

th 

is: k 

L 
For metals, the value of Gk is: 

.L, ‘ik 
I =  1 

L. 

where i i s  the number of subshells, 

(2- 24) 

i i s  the oscillator number of t..e conduction etzctrons, and 

k i s  the element number. 

A third correction i s  needed i f  the mean excitation potential i s  measured for a mate- 

r ia l  in a solid or liquid physical state, and the stopping power i s  desired for the gas- 

eous state or vice versa. 
34 

lgas - condensed D1(2 
e k - lk 

12 

(2-26) 



For metals the D term i s  k 

where E i s  the optical transition energy of electrons in a gas. For nonconductors 
ik 

the Ilk term I; 

13 



3 . 0  D I S C U S S I O N  OF D A T A  

The objective of  this study i s  to generate range and stopping power data for a vari- 

ety o f  materials and to provide a computer code capable o f  calculating similar data 

for materials not in  the present tabulation. To this purpose, a library tape has been 

prepared which contains atomic constants for elements with atomic numbers one 

t h ~ u g h  one hvndred. This section discusses the c b i c e  ~f certcin parameters and 

presents comparisons of experimental and calculated data. 

3.1 MEAN EXCITATION POTENTIAL 

The mean excitation potential i s  tabulated for carbon and lower atomic number ele- 

ments where the value fluctuates rapidly. A linear interpolation i n  I/Z i s  used 

from carbon to aluminum. For aluminum and higher elements, this value i s  taken 

from Equation 3-1 , suggested by Sternheimer and recommended by the Subcommit- 

tee on the Penetration of Charged Particles o f  the Committee on Nuclear Sciences, 

National Academy o f  Sciences - National Research Council as the "best smooth 

curve ' I .  
3,20 

1.19 
I/Z = 9.76 + 58.8 Z- eV (3- 1) 

This choice of  I appears to give satisfactory fits to available high energy range data. 

3.2 SHELL CORRECTION 

The most di f f icul t  energy region to treat lies below 0 MeV. Here, the shell cor- 

rection terms may become quite large, especially for high Z elements. Barkas and 

Berger 

from a least squares f i t  to range data. The approach taken i n  this study i s  also em- 

pirical, but i s  based on stopping power data rather than range data. 

3,20 
use an empirical formula in this energy region with constants derived 

15 



31 The K-shell corrections of Walske 

The calculation starts with the L-shell corrections of Walske. Values are obtain- 

ed by extrapolation for c)  equal to 0.15 and 0.25. This i s  equivalent to guessing 

an in i t ia l  L-shell correction for atomic numbers less than 16. Higher shell correc- 

tions, i f  any, are based upon L-shell corrections as explained in  Section 2.1. The 

resulting proton stopping power values are automatically compared to experimental 

values for 26 elements. The comparison i s  tabulated as a function of 9 L, the en- 

are used directly as illustrated i n  section 2.1. 
32 

L 

ergy parameter, and 8 L, the element parameter. 

The L-shell corrections are then manually corrected 

experimental data. This task does not lend i t s e l f  to 

to improve the agreement wi th 

an automated approach because 

of the coupling between L-shell corrections and higher shel l  corrections. A num- 

ber of iterations are made; each t ime the correction terms are estimated and smooth- 

ed before the succeeding iteration. 

The final L-shell correction values are tabulated i n  Table 3-1. These values should 

not be used as L-shell corrections alone, but only in conjunction with higher shell 

corrections according to the procedure i n  Section 2.1 . 

The comparison of  low energy experimental and calculated proton stopping power 

i s  shown i n  Table 3-2. Discrepancies are generally within experimental error. The 

f it might be improved somewhat by varying the value of  I for individual elements 

from that specified by Equation 3-1. 

The l ithium data exhibits a severe disagreement over part o f  the energy region 

which cannot be reduced appreciably wi th other values of I. Shell correction terms 

are small. 

i n  resolving this discrepancy. Excluding lithium, the average deviation at two 

MeV and above i s  1.47 percent i n  Table 3-2. The average deviation for a l l  data 

from 0.4 to 6.0 MeV i s  2.76 percent. 

New experimental data i n  the region one to ten MeV would be useful 



-1 
1 
8 
I 
I 
8 
1 
8 
I 
I 
I 
8 
I 
I 
I 
8 
1 
8 
I 

Table 3-3 shows a comparison of experimental and calculated proton stopping power 

data, relative to aluminum, at 19.8, 20.6, and 28.7 MeV. In most instances, the 

difference between experimental values and calculated values i s  less than twice 

the probable error, The large error for calcium may be due in part to oxidation of 

the foil which was noticed during the experiment. It i s  not obvious what signifi- 

cance should be given to the fact that calculated values for heavy elements are 

generally low near 20 MeV and high near 29 MeV. At these energies, shell cor- 

rections contribute less than one percent to proton stopping power in aluminum and 

three to f ive percent in the heavy elements. It would be necessary to change the 

L-shell corrections by twenty to several hundred percent in order to obtain agree- 

ment, depending on the energy region where alterations might be applied. 

A comparison of experimental and calculated proton range data i s  shown in Table 

3-4. Mult ip le scattering corrections may not be consistently applied to different 

sets of experimental data. Some of the experimental emulsion ranges are derived 

from range measurements for particles other than protons. Calculated ranges are 

based on two MeV experimental ranges. Below two MeV, errors in stopping power 

lead to relatively large errors i n  range due to the computational method. Exclud- 

ing two MeV and lower energy proton ranges, the average relative error in Table 

3-4 i s  0.97 percent. 

Table 3-5 compares experimental and calculated alpha stopping power. The calcu- 

lation i s  identical to the proton calculation except for the necessary changes in 

particle mass and charge. In particular, the shell corrections deduced from proton 

comparisons are unchanged. Comparison with data from Reference 25 shows a def- 

in i te trend. Calculated values decrease relative to experimental values as energy 

increases. However, the data from Reference 14 shows an opposite trend in the 

energy region where overlap occurs, 3 to 4 MeV. If the former trend i s  genuine, 

the cause may be electron pickup; i .e., partial neutralization o f  the bombarding 

particle. This phenomonon decreases the average stopping power at low energies. 

17 



Theoretical shel l  corrections do not account for electron pickup. The empirical L 

and higher shell corrections used here do include an approximate allowance for 

electron pickup by protons because they are deduced from experimental stopping 

power data. T h i s  allowance i s  probably inadequate for alpha particles. 

Table 3-6 compares experimental and calculated alpha ranges. 

reduction o f  the two MeV and higher ranges i n  silicon by approximately 0.58 m i l -  

ligrams per square centimeter would greatly improve the comparison for that e l e -  

ment. The revised value would not be consistent with the in i t ia l  range for alumi- 

num. For those elements where several experimental ranges are available, the cal- 

culated ranges decrease relative to experimental values as energy decreases. This 

behavior suggests that electron pickup i s  appreciable up to ten MeV. The predom- 

inance o f  positive differences near five MeV may imply that the in i t ia l  ranges at 

two MeV are sometimes five to ten percent too large i n  the calculation. 

I t  i s  evident that 

18 
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*I 
I 
I 
II 
I 
I 
I 
I 
I 

TABLE 3-1 LISTING OF CL CORRECTION TERMS 

10C.O 0.0055 0. C055 0.0055 0.015 0.022 0.0232 
0 .0~23 i 

1Oooo.o 0.00001 0. GOO0 1 0.00001 O.OOOG1 0.00o01 o.oooo1 
0 . m 1  

0.00001 

1ooc.o 6.00055 0.00055 0.00055 0.002 0.OG21 

10oO00.0 0.00001 O.GOOO1 0.0000 1 G.(jOoOI O.OOOO1 
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4 . 0  L O C K H E E D  R A N G E  & STOPPING P O W E R  
C A L C U L A T O R  - D A T A  PREPARATION 

' 1  
I 

I 

I 

4.1 GLOSSARY OF INPUT DATA TERMS 

IN 

N T B  

BIN 

BIN1 

NS 

HNU 

EJ 

S I  
NBK 

EB K 

BK 

NCL 

ECL 

CL 

name of tape unit on which library tape is mounted 

name of tape unit on which working tape is mounted 

physical storage location of library tape 

physical storage location of working tape 

number of subshells per element 

observed binding energy of the a tomic  electrons in each subshell in 

units of MeV 

principal quantum number o f  the outer  shell electrons for the I 

ment 

number of electrons in  the ith subshell of the i element 

number of enter ies  in the K-shell electron stopping number table per 

.th ele- 

th 

K' 

< V K  energy dependent variable, 

stopping number of K-shell electrons for Q K  - 10. 

BK(1) - value of stopping number when O K  is 0.7; 

BK(2) - value of stopping number when is 0.8; 

BK(3) - value of stopping number when 8 is 0.9 .  

Where 8 is the energy difference between a K electron in the ground 

s ta te  and the lowest unoccupied s ta te  in units of ZKeff R,,; R 

ionization potential  of  hydrogen. 

number of entries in the L-shell correction term table  per 8 

energy dependent variable, 9 
L-shell correction term as a function of 9 (I) 

CL(1, I) - value of C correction term when 8 L L 
CL(2, I) - value of C correction term when 8 L L 

K 

2 K 
is the H 

L 

L 
= 0.15 

= 0.25 
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CL 

NZZ 

zz 

oz1 

0 2 2  

NTPR 

ZR 

TPOR 

NFlZ 

FIZ 

FlZP 

N E B  

EM1 N 

EBR 

DE 

HD 

KMAX 

12 

(con t i n ued) 

CL(3, I) - value 

CL(4, I) - value 

CL(5, I)  - value 

CL(6, I) - value 

of  C correction term when 8 = 0.35 

of C correction term when 8 = 0.45 

of C correction term when 8 = 0.55 

of C correction term when 8 = 0.65 

L L 

L L 

L L 

L L 
number o f  elements i n  the Hb'nl weighting function table for L-shell 

e I ec t ro ns 

atomic number of the elements i n  the Hb'nl weighting function table 

for L-she1 I electrons 

Hb'nl weighting function to correct for relativistic effects i n  the 2s 

electron energy states 

Hb'nl weighting function to correct for relativistic effects in  the 2p 

electron energy states 

number o f  elements i n  the in i t ia l iz ing 2 M e V  range table 

atomic numbers of the elements in the in i t ia l iz ing 2 MeV range table 

values of  range for charged particles at 2 MeV i n  the elements, ZR 
number o f  elements in the table of ionization potentials 

atomic numbers o f  elements in the table o f  ionization potential 

values o f  the experimentally determined ionization potential in units 

of eV 

number o f  fine mesh energy points 

minimum energy o f  mesh 

major energy break points in  fine mesh 

step size of fine mesh between major energy break points 

heading information to identify each case (i.e. name o f  element or 

material) 

number o f  elements present i n  material 1 5 KMAX 5 10 

physical state o f  material; if 

I 2 = 1 material i s  a metal 

I 2 = 2 material i s  a condensed non conductor 
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1 2  

I1K 

Z 

AW 

FIP 

RHO 

ACK 

BCK 

(continued) 

I 2 = 3 material i s  a gas 

state of element when I/Z measurement was performed; i f 

11K = 1 element was a metal 

I1K = 2 element was a condensed non conductor 

I1K =E 3 element was a gas 

atomic number of the element 

atomic weight of the element 

ionization potential of element in units o f  eV. If FIP i s  zero, the 

code w i l l  interpolate in the FIZP table 

density of element, or partial density in the case of a material, i n  

units of gm/cm 

energy scaling, factor for electron shells above L-shell 

magnitude scaling factor for 

BCK = 1 

BCK = 2 

BCK = 3 

BCK = 4 

BCK = 5 

BCK = 6 

BCK = 7 

3 

K shell electrons 

L shell electrons 

M shell electrons 

N shell electrons 

0 sheli electrons 

P shell electrons 

Q shell electrons 

4.2 INPUT DATA PREPARATION 

NOTE: The following cards follow the asterisk data card which i s  directly be- 

hind the binary program cards. 

CARD TYPE 1 Columns 1-5 contain the name of tape unit (IN) on which li- 

brary tape i s  mounted. Columns 6-10 contain the name of tape 

unit (NTB) on which working tape i s  mounted. Columns 11-16 
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CARD TYPE 2 

CARD TYPE 2A 

contain the physical storage location (BIN) o f  the library 

tape. Columns 17-22 contain the physical storage location 

(BINl) o f  the working tape. 

F 0 RMAT (21 5,2A6) 

Columns 1-5 contain the number of  fine energy mesh points 

(NEB). Columns 6-15 contain the minimum energy of mesh 

(EM1 N). 

Continuation card - contains eight f ie lds  of nine columns per 

field. Columns 1-9, 19-27, 37-45, and 55-63 contain the 

major energy break point (EBR) while columns 10-18, 28-36, 

46-54, and 64-72 contain the step size o f  the fine mesh be- 

tween major energy break points (DE). 

FORMAT (15, E10./(8E9.) ) 

NOTE: The total number of EBR and DE entries on card type 2A must equal 

the number in columns 1-5 of  card type 2. 

CARD TYPE 3 

CARD TYPE 4 

Columns 1-72 contain alphameric information to identify the 

case (HD) such as element or material name. 

FORMAT (1 2A6) 

Three f ields of five columns per f i e ld  followed by four f ields 

of ten columns per f ie ld .  Columns 1-5 contain the number of 

elements present i n  a material (KMAX), columns 6-10 contain 

the physical state of  element or material (12), and columns 11-  

15, the state o f  the element at the t ime its ionization poten- 

tial was measured ( I lk ) .  Columns 16-25 contain the atomic 

number of the element (Z), columns 26-35 contain the atomic 

weight of the element (AW), columns 36-45 contain the 
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CARD TYPE 4 (continued) 

ionization potential o f  the element (FIP), and columns 46-55 

contain the density or partial density of the element (RHO). 

CARD TYPE 4A Continuation card for card type 4. Columns 1-10 are lef t  in- 

tentionally blank and columns 11-15 contain the state of the 

element at the time i t s  ionization potential was measured (Ilk). 

Columns 16-25 contain the atomic number of the element(Z), 

columns 26-35 contain the atomic weight o f  the element (AW), 

columns 36-45 contain the ionization potential of the element 

(FtP) and columns 46-55 contain the density or partial density 

of the element (RHO). 

CARD TYPE 5 Continuation card for both card type 4 and card type 4A. Eight 

fields of eight columns per field. Columns 1-8 contains the 

energy scaling factor for higher than L-shell electrons (ACK), 

columns 9-16, 17-24, 25-32, 33-40, 41-48, 49-56, and 57- 

64 contain the magnitude scaling factors for the electron shells 

( B W  

FORMAT (315, 4E10./8E8) 

NOTE: Case input data cards are read in order of one card type 4 followed im- 

mediately by a card type 5 and then by zem to nine cards type 4A 

with a card type 5 for each card type 4A unti l  the number of card type 

4 and card type 4A i s  equal to the number o f  elements composing the 

material, KMAX, columns 1-5on card type 4. 

NOTE: The ionization potential, FIP, in cards type 4 and 4A may be lef t  

blank. In this circumstance, a value for FIP w i l l  be determined by 

interpolation in the FlZP table o f  the library tape. 



4.3 OUTPUT FORMAT 

The typical printed output from the Lockheed Range & Stopping Power Calculator 

consists of two sections, the heading and the calculated values. 

The heading consists of an identif ication of  the element or material being evaluated. 

A listing of  the atomic number, atomic weight, excitation potential divided by the 

atomic number, the density or partial density, the total ionization potential, and 

the total density of the element or elements forms one of  two subheadings. The 

second subheading consists o f  the atomic number, the energy scaling factor for high- 

er shell electrons, and seven magnitude scaling factors for the shell electrons of 

the element or elements being evaluated. 

The main body of the printed output consists o f  the calculated values as a function 

of  energy of the particle and i s  listed in  nine columns. The first column l i s t s  the 

kinetic energy of the incident charged particle. The second column l i s t s  the ener- 

gy dependent variable 9 
K-shell electrons. The fourth column l i s t s  the shell correction due to L-shell e lec-  

trons. The f i f th column l i s t s  the shell correction due to the electron shells higher 

than the L-shell. The sixth column l i s t s  (BRAK) from equation 2-3. The seventh 

column l i s t s  the density effect correction terms. The eighth column l i s t s  the stop- 

ping power and the ninth column l i s t s  the range. The stopping power values have 

units of MeV - cm 

The third column lists the shell correction due to the 
L' 

2 - 1  -2 - gm and the range values have units o f  gms - crn . 
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5 . 0  RANGE F U N C T I O N  

It i s  sometimes convenient to treat charged particle range as an analytic function. 

The function given by Equation 5-1 i s  often used and i s  generally accurate to + 5 

percent i n  the energy range 10 to 250 MeV for protons in low-Z materials i f  the 

value o f  a and r are properly chosen. 

- 

R (E) = a E - ~  

12 
Burrell 

from 10 to 1200MeV. 

has suggested an alternate function, Equation 5-2, which i s  equally good 

R (E) = In (1 + 2b E') 

The values of  a and b are dependent on material; the value of  r i s  slightly material 

dependent. The expression for stopping power i n  terms o f  these parameters is: 

(E-r + 2b). E 
a - r  

s (E) = - 

A parametric search was conducted on the range data to find suitable values of a 

and b for several values of r.  Those values of  a and b which minimized the maxi- 

mum relative difference between Equation 5-2 and the LRSPC results from 10 to 

1200 MeV were chosen. Typical error curves for proton range data are shown i n  

Figure 5 . 1 .  Typical error curves for alpha range data are shown in  Figure 5-2. 
Relative errors in  the alpha data are about twice those i n  the proton data, reflect- 

ing the more rapidly changing shape o f  the alpha range data at low energies. The 

same parameter values give fair ly good results for stopping power. Figures 5-3 and 

5-4 show relative differences between Equation 5-2 and LRSPC results for typical 

proton and alpha stopping power data. 
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Tabulations of  the best values o f  a and b for several choices of r are shown in  the 

Appendix . The maximum error i s  also given. These tables include data for 55 

materials for both protons and alphas. The best value of  r for one or more materials 

may be chosen by examining the error columns. Figures 5-5 and 5-6 show the gen- 

eral trends o f  the error band magnitude for proton and alpha range data. 
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